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Cloning of rat nephrin: Expression in developing glomeruli a fenestrated endothelial cell, a glomerular basement
and in proteinuric states. membrane (GBM), and a glomerular epithelial cell (po-
Background. Nephrin is identified as a product of the gene docyte). Although the role of the GBM in restricting themutated in a patient with congenital nephrotic syndrome of
presence of macromolecules has been emphasized forthe Finnish type. However, its precise localization and function
nearly two decades [1], some recent reports have shownare not yet fully clarified.
Methods. To clone the rat homologue of nephrin, polymer- that slit diaphragms located between the foot processes
ase chain reaction (PCR) was employed. To elucidate the local- play the role of a critical barrier to retain macromole-
ization and expression of nephrin, immunohistological analysis
cules [2, 3]. Rodewald and Karnovsky have proposed awith a specific antirat nephrin antibody, reverse transcription-
zipper-like model of the ultrastructure of the slit dia-PCR, and RNase protection assay were performed.
Results. Amino acid sequences of rat and human nephrin phragm based on electron microscopy (EM) findings [4].
are highly homologous (82.2% identity). The domain structure However, molecular natures of slit diaphragms are still
of nephrin is also highly conserved between rats and humans. largely unclarified. We have reported that anti-slit dia-The rat nephrin was detected only in kidney glomeruli along
phragm monoclonal antibody (mAb) 5-1-6 was capableglomerular capillary walls, and its localization was always iden-
of inducing massive proteinuria by a single intravenoustical to that of the anti-slit diaphragm monoclonal antibody
(mAb) 5-1-6–recognized antigen in normal matured and fetal injection into rats, and that mAb 5-1-6–recognized anti-
rat glomeruli and in the glomeruli of proteinuric states. The gen shifted from linear staining to granular during the
nephrin staining pattern was clearly distinguished from that development of proteinuria [2, 5, 6]. We showed thatof zonula occludens-1 (ZO-1), a3-integrin, or podocalyxin.
zonula occludens-1 (ZO-1), which lies on the cytoplasmicmRNA expression for nephrin was first detected in the fetal
rat kidneys at 18.5 embryonic days. Nephrin mRNA expression face at the insertion point of a slit diaphragm, also shifted
decreased just after injection of mAb 5-1-6 (47.4%) or puromy- to a discontinuous pattern in the mAb 5-1-6–induced
cin aminonucleoside (51.2%), and the staining pattern of proteinuric state [6]. Our previous studies indicated that
nephrin shifted from a linear to a granular pattern in both
mAb 5-1-6 alters the molecular composition of the slitproteinuric states.
diaphragm and thereby affects the glomerular perme-Conclusions. Nephrin is localized in slit diaphragm in the
matured glomeruli and is identical with mAb 5-1-6 antigen. ability barrier [2, 5, 6].
Nephrin is involved in the development of proteinuria not only In 1998, Kestila et al reported that congenital ne-
in mAb 5-1-6 nephropathy, but also in puromycin aminonucleo- phrotic syndrome of the Finnish type (NPHS1) was causedside nephropathy.
by mutations in the NPHS1 gene and that the NPHS1
gene product “nephrin” was suggested to play a crucial
role in maintaining the glomerular filtration barrier [7].The primary barrier for ultrafiltration of plasma in a
Nephrin is reported to be comprised of 1241 amino acidsglomerular capillary wall is comprised of three layers:
in a residue of putative transmembrane protein of the
immunoglobulin superfamily, and acts as an adhesion
receptor and signaling protein, since its domain structureKey words: slit diaphragm, nephrotic syndrome, monoclonal antibody
5-1-6, proteinuria, PAN nephropathy. resembles that of a large group of cell adhesion receptors.
Ruotsalainen et al recently used immunoelectron micros-Received for publication August 6, 1999
copy to show that nephrin is in the slit diaphragm ofand in revised form November 12, 1999
Accepted for publication November 29, 1999 podocytes in humans [8]. However, they reported that
the gold particles were found in only 10 to 20% of theÓ 2000 by the International Society of Nephrology
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slits and were occasionally found in the cytoplasm of asu, Japan). From a partial clone of rat nephrin, gene
specific primers were designated as follows: R-1 (ACAfoot processes [8]. Thus, the precise localization and the
function of nephrin are still not fully understood. The GCG AGG CAC TCC GTG AAA), R-2 (GTG CAG
CTG ATA AAA GCC ATC G), R-3 (GGC TTT GATfirst question, which is clarified in our study, is whether
nephrin is really localized at the slit diaphragm between GGG GGT CTG CT), R-4 (GAG GAG ACC CCC
AAC ACA GG), R-5 (GGA ATC TAC GAC CAGfoot processes or if it is involved in their anchorage
to the GBM. Another important question is whether GTG GC), and R-6 (TTT GGA CCC AGA AGC AGC
CCA T), and PCR was performed again. To obtain thenephrin plays a crucial role for maintaining the glomeru-
lar filtration barrier. To address these questions, a study sequences containing the initiation codon of rat nephrin,
we performed 59-RACE with 59-RACE version 2.0design using an experimental model and a develop-
mental study would be necessary. Therefore, we cloned (GIBCO BRL). The first strand c-DNA is synthesized
from the total RNA of normal rat glomeruli with an H-8a rat homologue of nephrin and produced an anti-rat
nephrin antibody in rabbits. To clarify the precise local- primer. Purified cDNA was tailed with deoxycytidine-59-
triphosphate (dCTP). PCR amplification was accom-ization of nephrin, we compared the localization of
nephrin with other membrane associated proteins such plished with an abridged anchor primer and an H-10 pri-
mer. Using the PCR product as a template, nested PCRas mAb 5-1-6 antigen, a3-integrin, ZO-1, and podoca-
lyxin in normal rat glomeruli. Then, we investigated the amplification was accomplished with an abridged univer-
sal amplification primer and R-6 primer. 59-RACE prod-expression of nephrin and its localization during the mat-
uration of glomeruli and also in proteinuric states. ucts were cloned into Topo Vector and sequenced. To
obtain the stop codon, 39-RACE was performed. TheThe results show that nephrin is a slit diaphragm-
associated protein and that it is colocalized with a mAb first-strand cDNA was synthesized with oligo-dT con-
taining adapter primer (59-GGC CAC GCG TCG ACT5-1-6–recognized antigen. We also showed that nephrin
is involved in the pathogenesis of proteinuria in puromy- AGT ACT TTT TTT TTT TTT TTT T-39), and then
PCR amplification was accomplished with this adaptercin aminonucleoside (PAN) nephropathy, as well as
mAb 5-1-6 nephropathy. These findings suggested that primer and R-6. The 39-RACE product was cloned into
Topo Vector and sequenced.nephrin is involved in the development of proteinuria
not only in a congenital nephrotic syndrome of the Finn-
Antibodiesish type, but also in acquired diseases.
To produce a specific antibody for rat nephrin, we
chose a peptide of 21 amino acids, DRDTR SSTVS
METHODS
TAEVD PNYYS M, located in the cytoplasmic region
Cloning of rat nephrin of the deduced amino acid sequence as the immunogen.
Two rabbits were immunized with 1.0 mg of peptideTo clone a rat homologue of nephrin, we employed
a polymerase chain reaction (PCR) with the following conjugated with the carrier protein keyhole limpet he-
mocyanin (KLH), and boosted twice with 0.5 mg of anti-primers designed from human nephrin sequence H-1
(CGA TGA CGC GGA GTA TGA GTG C), H-2 (ACA gen. The rabbits were sacrificed and bled two weeks
after the last immunization. mAb 5-1-6 was prepared asGTA CGT TGA GGC GAT AGA AGG AGC T), H-3
(AGC TCC TTC TAT CGC CTC AAC GTA CTG T), described previously [2]. Rabbit antibodies to ZO-1 and
to a3-integrin were purchased from Zymed laboratoriesH-4 (GTC CAC TGT CCC CCA AGG CAT TAC T),
H-5 (AGT AAT GCC AAG GGG GAC AGT GGA C), (South San Francisco, CA, USA) and Chemicon (Teme-
cula, CA, USA), respectively. Mouse mAb to podoca-H-6 (CAC CAG ATG TCC CCT CAG CTC GAA),
H-8 (AAT GGC ACT AGG GGG AAA GGT GAC), lyxin was kindly donated by Dr. A. Miettinen (University
of Helsinki, Helsinki, Finland).H-10 (ATG GTG CCT GCC TCT GGG GTC A). Total
RNA was prepared from normal Wistar rat glomeruli
Immunofluorescence microscopywith TRI ZOL (GIBCO BRL, Gaithersburg, MD, USA),
which was used to synthesize cDNA with SuperScript II An immunofluorescence study was performed accord-
ing to a previously described method [9]. Cryostat sec-(GIBCO BRL) according to the manufacturer’s proto-
col. Synthesized cDNA was used as a template. Tem- tions were fixed with acetone for one minute and incu-
bated with the primary antibodies described previouslyplates were amplified in a DNA with Program Temp
Control System PC-800 (ASTEC, Fukuoka, Japan) for in this article, stained with FITC-conjugated anti-rabbit
IgG (for anti-nephrin, anti–ZO-1, anti–a3-integrin;35 to 50 cycles at 488C to 558C of annealing temperature.
The PCR products close to an expected size were cloned Dako, Glostrup, Denmark), TRITC-conjugated anti-
mouse IgG1 (for mAb 5-1-6; Southern Biotechonologyinto Topo Vector (Invitrogen, Carlsbad, CA, USA), and
DNA sequences were determined by an automated Associates, Inc., Birmingham, AL, USA), FITC-conju-
gated anti-mouse IgG (for anti-podocalyxin; Dako), andDNA sequencer (ABI 310; Perkin-Elmer Japan, Uray-
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observed with immunofluorescence microscopy (BX50; the peptide used for immunization, were washed, and
were then incubated with alkaline phosphatase-conju-Olympus, Tokyo, Japan). To compare the localization
of rat nephrin and mAb 5-1-6 antigen, dual immunofluo- gated anti-rabbit IgG (Bio Source International, Tago
Immunologicals, Camarillo, CA, USA). The reactionrescent labeling was carried out. The cryostat sections
were incubated in order with rabbit anti-rat nephrin, was developed with an alkaline phosphatase chromogen
kit (5-bromo-4-chloro-3-indolil phosphate p-toluidineFITC-conjugated anti-rabbit IgG, mAb 5-1-6, and then
TRITC-conjugated anti-mouse IgG1. salt/nitro blue tetrazolium; Biomedica, Foster City, CA,
USA). For semiquantitative Western blot analysis, glo-
Immunoelectron microscopy meruli from normal or proteinuric rats were solubilized
with RIPA buffer as described previously in this article.Ultracryo sections of normal rat kidney cortex were
mounted on Formnar/carbon-coated nickel grids (150 The protein concentration was measured by the bicin-
choninic acid method (Pierce Chemical, Rockford, IL,mesh). After quenching free aldehyde with phosphate-
buffered saline (PBS)-0.01 mol/L glycine, sections were USA), and 75 mg were subjected to SDS-PAGE and
transferred to nitrocellulose membrane. The stripes wereincubated overnight with affinity-purified anti-nephrin
antibody and/or mAb 5-1-6 (both diluted 1:50 with PBS exposed to anti-nephrin antibody and then incubated
with alkaline phosphatase-conjugated anti-rabbit IgG.containing 10% fetal calf serum). They were then incu-
bated with 5 nm gold-conjugated anti-rabbit IgG and/or The reaction was developed as described earlier in this
article, and the density of the positive bands was quanti-10 nm gold-conjugated anti-mouse IgG for one hour
at room temperature. After immunostaining, they were tated by Densitograph (ATTO, Tokyo, Japan).
fixed with 2.5% glutaraldehyde containing 1% tannic
Cross-linking analysisacid buffered with 0.1 mol/L phosphate buffer (PB; pH
7.4). The sections were then postfixed with 1% OsO4, Glomeruli isolated from normal rats were blocking
with 1% BSA and then incubated with 1 mg/mL of eitherbuffered with PB for 30 minutes, contrasted with 2%
uranyl acetate solution for 20 minutes, and adsorption- mAb 5-1-6 or an irreverent mouse IgG1 (RVG1) for
one hour at 48C. After five washes, the glomeruli werestained with 3% polyvinyl alcohol containing 0.2% ura-
nyl acetate for 10 minutes. To prepare slit diaphragm- incubated with the chemical cross-linker BS3 (Pierce
Chemical Company) for two hours at 48C. The reactionenriched fraction, normal rat glomeruli were isolated by
graded sieving PBS with protease inhibitors (PBS-PI; 1 was stopped by an addition of Tris-HCl, pH 8.0. After
washing, the glomeruli were solubilized with RIPAmmol/L each antipain, benzamidine, diisopropylfluoro-
phosphate, leupeptin, pepstatin A, and phenylmethylsul- buffer with protease inhibitors (PI). Solubilized material
was subjected to SDS-PAGE with 5% acrylamide gelfonyl fluoride). Isolated glomeruli were resuspended
with 4% paraformaldehyde fixative buffered with PB and transferred to a nitrocellulose membrane. The
stripes of membranes were stained with alkaline phos-and then extracted with PBS-PI containing 1% Triton
X-100 for 10 minutes at room temperature. The materials phatase-conjugated anti-mouse IgG or were incubated
with anti-nephrin antibody, followed by staining withwere then centrifuged at 800 3 g for 10 minutes at 48C.
The fractions were processed for immunocytochemical alkaline phosphatase-conjugated anti-rabbit IgG. Alka-
line phosphatase-conjugated anti-mouse IgG was usedanalysis.
after absorption with normal rat serum. Alkaline phos-
Western blot analysis phatase-conjugated anti-rabbit IgG was used after ab-
sorption with both normal rat and mouse serum. ToNormal rat glomeruli were isolated with PBS-PI and
solubilized with RIPA buffer [consisting of 0.1% sodium confirm the size of IgG, serum-free culture supernatant
of 5-1-6 hybridoma was also subjected to SDS-PAGEdodecyl sulfate (SDS), 1% sodium deoxycholate, 1%
Triton X-100, 150 mmol/L NaCl, 10 mmol/L ethylenedi- and transferred to a nitrocellulose membrane.
aminetetraacetic acid (EDTA) in 25 mmol/L Tris-HCl,
Semiquantitative reverse transcription-polymerasepH 7.2] with protease inhibitors. Insoluble material was
chain reactionremoved by centrifugation at 15,000 3 g for 10 minutes.
Solubilized material was subjected to SDS-polyacryl- Five micrograms of total RNA prepared from glomer-
uli or whole kidneys were used to synthesize cDNA withamide gel electrophoresis (SDS-PAGE) with 5% acryl-
amide gel according to the method of Laemmli et al SuperScript II (GIBCO BRL) according to the manufac-
turer’s protocol. Three microliters of the reverse tran-and transferred to a nitrocellulose membrane (Bio-Rad,
Hercules, CA, USA) by electrophoretic transblotting for scription mixture were used for the subsequent PCR. As
primers for rat nephrin, we employed the sense primer30 minutes using Trans-Blot SD (Bio-Rad) [10]. After
blocking with bovine serum albumin (BSA), strips of CTG ACT GGG CTG AAG CCT TCT and antisense
primer AAG AGC ACA GGC AGC AGG GG. Themembranes were exposed to anti-rat nephrin or preim-
mune rabbit serum or anti-rat nephrin preabsorbed with PCR product corresponded to 207 bp, and the target
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sequence was located in the putative extracellular do- prepared from these organs or glomeruli, cortex, or me-
dulla of kidneys with TRI ZOL Reagent (GIBCO BRL).main close to the membrane spanning region. The PCR
was performed for 30 cycles of denaturation at 948C for mRNA expressions for nephrin were analyzed by RNase
protection assay.30 seconds, was annealed at 588C for 30 seconds, and
was extended at 728C for 1 minute. The optimal cycle
Induction of proteinuric statenumber was determined in a preliminary trial to be in
the linear phase of amplification. The PCR products Monoclonal antibody 5-1-6 nephropathy. A total of
15 rats were intravenously injected with 6 mg of mAbwere subjected to electrophoresis through 1.5% agarose
gel and with stained with ethidium bromide. The band 5-1-6, and three rats each were sacrificed just before
injection, 1 hour, 24 hours, 5 days, or 20 days after injec-intensity was determined by image analysis using a Mac-
intosh computer and densitometry software (Densito- tion. Small pieces of kidney tissues were snap frozen and
used for immunofluorescence study. Glomerular RNAgraph; ATTO). All results were corrected for the amount
of mRNA in the sample by dividing by the intensity of was prepared from the remaining kidney tissues pooled
from three rats for semiquantitative RT-PCR and RNasethe internal control glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The sequences of primers for protection assay. Twenty-four–hour urine samples were
collected, and their protein concentrations were mea-GAPDH are CTC TAC CCA CGG CAA GTT CAA
and GGA TGA CCT TGC CCA CAG C. sured by colorimetric assay with Bio-Rad Protein Assay
Reagent (Bio-Rad) using bovine serum albumin as a
RNase protection assay standard. For semiquantitative Western blot analysis,
three rats were injected with 6 mg of mAb 5-1-6 andA rat nephrin cDNA fragment was amplified with
specific sense and antisense primers as described in the sacrificed five days after injection. Glomeruli were iso-
lated from kidneys pooled from three rats and solubilizedmethod for reverse transcription-PCR (RT-PCR). A frag-
ment of rat nephrin (207 bp) cDNA was subcloned in with RIPA-PI.
Puromycin aminonucleoside (PAN) nephropathy. ApGEM-3Z and linearized at the 59 end and used as a
template for generation of 32P-labeled antisense RNA total of 12 rats was intravenously injected with 10 mg/
100 g body weight of PAN, and three rats each wereprobes. A 32P-labeled RNA probe for rat nephrin and
internal control GAPDH was prepared according to a sacrificed just before injection, two hours, nine days,
or four weeks after injection. The cryostat sections forpreviously described method [11]. Five to 20 mg of total
RNA of glomeruli and several organs were hybridized immunofluorescence study and total RNA for RT-PCR
and RNase protection assay were prepared as describedwith 1 3 105 cpm of each 32P-labeled antisense RNA probe
overnight at 508C. Unhybridized RNA probes were di- previously in this article. Proteinuria excretion per 24
hours was determined as described previously in thisgested with RNase T1 (GIBCO BRL) and RNase A
(Boehringer Mannheim, Tokyo, Japan) for one hour at article. For semiquantitative Western blot analysis, three
rats were injected with 10 mg/100 g body wt of PAN and308C. The RNase was then digested with proteinase K
(Promega, Madison, WI, USA) for 30 minutes at 378C. were sacrificed nine days after injection. Glomeruli were
isolated from kidneys pooled from three rats and solubi-After phenol/chloroform extraction and sodium acetate/
ethanol precipitation, the hybridized RNA probes were lized with RIPA-PI.
denatured at 858C for five minutes and electrophoresed
Developmental analysison a 6% polyacrylamide gel. The dried gels were exposed
to x-ray films (Fuji Photo Film, Kanagawa, Japan) for Metanephritic organs were removed from day 13.5,
15.5, 18.5, and 20.5 rat embryos. Cryostat sections of16 hours at 2808C, and the density of each protected
band was quantitated by a computerized image analysis these embryonic rat kidneys and one-day-old and two-
week-old rat kidneys were stained with anti-rat nephrinsystem (NIH Image, National Institutes of Health, Be-
thesda, MD, USA). After calibrating the images and plot- antibody and mAb 5-1-6. Total RNA was prepared from
whole kidney for RT-PCR analysis.ting the lanes to generate the profile plots, the area of the
peaks was measured. The data were represented as ratios
of rat nephrin mRNA/GAPDH mRNA in each sample.
RESULTS
Cloning of rat nephrin cDNA and preparation ofOrgan specificity analysis
anti-rat nephrin antibodySix-week-old normal Wistar rats were sacrificed, and
the cerebrum, cerebellum, heart, lungs, liver, pancreas, The complete nucleotide sequences of rat homologue
of nephrin and its deduced amino acid sequences aresmall intestine, large intestine, spleen, adrenal gland,
testes, ovaries, skeletal muscles, and kidneys were re- shown in Figure 1. The nucleotide sequencing analysis
revealed an open reading frame of 3756 nucleotides cod-moved. Small pieces of these organs were snap frozen
and used for immunofluorescence study. Total RNA was ing for a predicted protein of 1252 amino acids (the de-
Kawachi et al: Cloning and expression of rat nephrin 1953
Fig. 1. Nucleotide sequences of rat nephrin cDNA and its deduced amino acid sequence. Reading frame of this sequence starts at nucleotide 404
and extends until nucleotide 4159, thereby coding a protein of 1252 amino acids. These sequence data are available from GenBank under accession
number AF161715.
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Fig. 2. Comparison of amino acid sequences of nephrin of rat and human by the ExPASy program. The asterisks indicate the conserved amino
acids shared by rat and human nephrin. The identity of amino acid sequences of rat and human is 82.2%.
duced molecular weight, 136.2 kD). The deduced amino
acid sequence of rat nephrin shows 82.2% homology to
human nephrin (Fig. 2). Signal sequences of rat nephrin
are 36 amino acids, whereas it is reported that those of
human nephrin are 22 amino acids. The ExPASy search
showed that rat nephrin has eight Ig type-c2 modules, a
single fibronectin type III module, 10 putative N-glyco-
sylation sites in its extracellular domain, and a single
transmembrane site, the same as human nephrin. In
Western blot analysis, an antibody to the peptide of 21
amino acids of rat nephrin sequence was detected to
bind to a broad band of molecular weight of about 180
kD in an extract of normal rat glomeruli and that this
positive band was not detected by the antibody preab-
sorbed with the nephrin peptide (Fig. 3). Because the
deduced molecular weight calculated from amino acid
sequences of rat nephrin was 136.2 kD and rat nephrin
had 10 putative N-glycosylation sites, 180 kD implied
post-translational modification, perhaps conferred by 10
Fig. 3. Western blot analysis of RIPA-solubilized glomerular protein.putative N-glycosylation sites and on four putative phos-
A nitrocellulose strip was incubated with an anti-rat nephrin antibodyphorylation sites. A broad band detected by anti-nephrin
produced in rabbits immunized with a peptide of 21 amino acids of rat
was separated to two bands, if the sample was electro- nephrin sequence (lane 1) or preimmune rabbit serum (lane 2). The
strip in lane 3 was incubated with anti-rat nephrin preabsorbed withphoresed longer than the standard procedure (for exam-
the peptide, which was used for immunization. The strips were thenple, in Fig. 9A).
incubated with alkaline phosphatase-conjugated anti-rabbit IgG. Rat
nephrin was detected as 180 kD band (lane 1). A 180 kD band was not
Localization of nephrin in normal rat glomeruli detected in lanes 2 or 3.
A dual-labeled study indicated that nephrin was lo-
cated along glomerular capillary walls and that the
Fig. 4. Localization of nephrin and other membrane-associated proteins on podocyte in normal rat glomeruli. Nephrin staining is observed in a
linear-like pattern of fine granules, as indicated by the arrows (A). The dual-labeling study shows that the localization of nephrin coincides with
that of mAb 5-1-6 antigen (A and B). The bright yellow color (C) reveals that nephrin staining is identical to that of the mAb 5-1-6 antigen. The
staining of a3-integrin is detected as a linear pattern completely covering the glomerular capillary walls (D). ZO-1 staining is discontinuous as
compared with that of nephrin (E). The staining of podocalyxin in apical surface of podocyte (arrows) is clearly distinguished from that of nephrin
(F ). The dual-labeling study with 20.5 embryonic dated rat kidney shows that nephrin staining (G) in a glomeruli of early developing stage is also
identical to that of mAb 5-1-6 antigen (H). The yellow color reveals that nephrin staining is identical to that of mAb 5-1-6 antigen (I). Clear staining
of rat nephrin is detected in basal side of podocyte of developing glomeruli, and weak signal was also detected in lateral side of podocyte (G).
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Fig. 5. Immunogold staining for anti-nephrin antibody and mAb 5-1-6. Gold particles (5 nm) of anti-nephrin antibody were found on the cytoplasmic
face, close to the point of attachment of slit diaphragm in TX-100–treated glomeruli (A, 3240,000) and in the section of kidney cortex (B, 3200,000).
Dual-labeling immunogold EM in TX-100–treated glomeruli is shown (C, 3150,000). Large (10 nm) gold particles represent mAb 5-1-6 and are
distributed on the slit diaphragm bridging two adjacent foot processes. Small (5 nm) gold particles indicate location of nephrin.
Fig. 6. Western blot analysis of cross-linked materials. Isolated glomer-
uli were blocked with 1% bovine serum albumin, incubated with mAb
Fig. 7. A representative RNase protection assay for nephrin. Distinct5-1-6 or RVG1, cross-linked with BS3, and then solubilized with RIPA
expression of mRNA for nephrin is detected in only glomeruli (lanebuffer. Solubilized glomeruli cross-linked with mAb 5-1-6 (lanes 2, 4,
15). A signal was not detected in the cerebrum (lane 1), cerebellumand 6) or RVG1 (lanes 3, 5, and 7) were subjected to SDS-PAGE
(lane 2), heart (lane 3), lungs (lane 4), liver (lane 5), pancreas (lane 6),with 5% acrylamide gel and transferred to a nitrocellulose membrane.
small intestine (lane 7), large intestine (lane 8), spleen (lane 9), adrenalCulture supernatant of mAb 5-1-6 were subjected to SDS-PAGE and
gland (lane 10), testes (lane 11), ovaries (lane 12), and skeletal musclestransferred to membrane (lane 1). The stripes were stained with alkaline
(lane 13). No signal could not be detected in a whole kidney (lane 14)phosphatase-conjugated anti-mouse IgG (lane 1 through 3) or were
or cortex (lane 16) or medulla (lane 17) of kidneys.stained with alkaline phosphatase-conjugated anti-rabbit IgG after ex-
posure with anti-nephrin antibody (lanes 4 and 5) or preimmune rabbit
serum (lanes 6 and 7). An approximately 160 kD band and an approxi-
mately 300 kD band are detected in mAb 5-1-6 cross-linked material nephrin and mAb 5-1-6 antigen was also examined by
with alkaline phosphatase-conjugated anti-mouse IgG (lane 2), whereas immunoelectron microscopy of normal glomeruli. As il-no bands are detected in RVG1 cross-linked material (lane 3). An
lustrated in Figure 5, gold particles of anti-cytoplasmicapproximately 300 kD band is also detected with anti-rat nephrin anti-
body in mAb 5-1-6 cross-linked material (lane 4). An approximately peptide of nephrin antibody are detected on the cyto-
180 kD band of nephrin was detected in both mAb 5-1-6 cross-linked plasmic face, close to the point of attachment of slit dia-material (lane 4) and RVG1 cross-linked material (lane 5).
phragm (Fig. 5 A, B). mAb 5-1-6 antigen localized on
the slit diaphragm, as previously reported [2, 6]. Gold
particles of anti-nephrin antibody and those of mAbnephrin staining pattern was identical to the mAb 5-1-6
staining in normal glomeruli (Fig. 4 A–C). The staining 5-1-6 aligned close to each other on opposite sides of
the podocyte plasma membrane at the point of the inser-pattern of rat nephrin and mAb 5-1-6 antigen was the
linear-like pattern of continuous fine granules (Fig. 4A), tion of slit diaphragm (Fig. 5C).
whereas the staining of a3-integrin is detected as a linear
Cross-linking analysispattern completely covering the glomerular capillary
wall (Fig. 4D). ZO-1 staining pattern is discontinuous as Western blot findings with cross-linked materials are
shown in Figure 6. An approximately 160 kD band andcompared with that of nephrin or mAb 5-1-6 antigen
(Fig. 4E). Podocalyxin is reactive with the apical surface an approximately 300 kD band were detected on mAb
5-1-6 cross-linked material with alkaline phosphatase-of the podocyte and with endothelial cells, and is widely
used as an apical marker of podocytes. Nephrin staining conjugated anti-mouse IgG (lane 2). The 300 kD band
was considered to be mAb 5-1-6/antigen complex, andis different from the apical staining of podocytes with
anti-podocalyxin (Fig. 4F). The precise localization of the 160 kD band was considered to be uncomplexed
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mAb. No bands were detected on RVG1 cross-linked dure. The density of the bands, especially the lower band,
decreased significantly in proteinuric states.material (lane 3). The 300 kD band of mAb 5-1-6/antigen
complex was also detected by anti-rat nephrin antibody
Developmental expression of rat nephrin(lane 4). Approximately 180 kD bands were detected in
Clear positive staining of nephrin was detected in basalboth materials glomerular lysates of cross-linked materi-
surface of the podocyte of the early developing stage. Aals with mAb 5-1-6 (lane 4) and RVG1 (lane 5).
weak signal was detected in lateral surface of the podo-
Organ-specific expression of rat nephrin cyte of the early developing stage. A dual-labeling immu-
Positive staining of anti-rat nephrin antibody was de- nofluorescence study indicated that nephrin staining pat-
tern was identical to that of mAb 5-1-6 staining in anytected only in glomeruli by immunofluorescence analysis.
stages of glomeruli (Fig. 4 G–I). The mRNA expressionNo positive immunostainings were detected in cerebrum,
for rat nephrin was first detected in the fetal kidney atcerebellum, heart, lungs, liver, pancreas, small intestine,
18.5 embryonic days (Fig. 12).large intestine, spleen, adrenal gland, testes, ovaries, and
skeletal muscles. RNase protection assay showed that
mRNA expression for nephrin was detected in only glo- DISCUSSION
meruli (Fig. 7). No expression was detected in the me-
It is widely accepted that proteinuria is not only onedulla of the kidneys or other organs described previously
of the most important symptoms, but also an importantin this article.
factor to promote the progression of kidney disease,
because proteinuria itself is very harmful to tubular epi-Alterations of nephrin expression in proteinuric states
thelial cells [12]. Thus, the mechanism of proteinuria isUrinary protein excretion rates were 112.4 6 72.0
one of the most important themes in the field of nephrol-mg/24 h (mean 6 SE) on day 1, 237.5 6 32.8 on day 5,
ogy. Nephrin, which has been identified as the product
and 5.4 6 2.7 on day 20 after mAb 5-1-6 injection. The
of the gene mutated in a patient with the Finnish type
rates of proteinuria after PAN injection were 191 6
of congenital nephrotic syndrome [7], is considered to
48.9 on day 9 and 20.1 6 8 at four weeks. The RNase be one of the essential molecules maintaining the barrier
protection assay showed that a decrease of mRNA ex- function of glomerular capillary walls. In the present
pression for nephrin was already detected one hour after study, we cloned the rat homologue of nephrin. The
mAb 5-1-6 (47.4%) and two hours after PAN injection sequencing of rat nephrin revealed that the deduced
(51.2%), when proteinuria was not yet detected (Fig. amino acid sequence of rat nephrin showed an 82.2%
10). A semiquantitative RT-PCR study (Fig. 11) also identity to human nephrin. The ExPASy search showed
showed that mRNA expression for nephrin was de- that rat nephrin has eight Ig type-c2 modules, a single
creased just after an injection of mAb 5-1-6 (40.5%) or fibronectin type III module, 10 putative N-glycosylation
PAN (50.2%). Immunofluorescence studies showed that sites in its extracellular domain, and a single transmem-
the staining pattern of nephrin one hour after mAb 5-1-6 brane site as human nephrin, which demonstrates that
injection was almost the same as that in normal glomer- the domain structure of nephrin is also highly conserved
uli. It began to shift to a discontinuous pattern 24 hours between rat and human. This high homology of nephrin
after injection and became a coarse granular pattern on between species also suggested that nephrin has an im-
day 5 when proteinuria peaked (Fig. 8 A–C). On day 20 portant role for maintaining cell function. To confirm
after the mAb 5-1-6 injection, when proteinuria recov- that hypothesis, we analyzed the expression and localiza-
ered to a normal range, the staining intensity of nephrin tion of nephrin in normal matured and fetal glomeruli
almost recovered to its normal range. The staining inten- and the glomeruli of proteinuric states using experimen-
sity of nephrin did not change two hours after PAN tal models of rat.
injection. The staining pattern of nephrin shifted to a To clarify the localization of nephrin, we prepared
coarse granular pattern, and its intensity decreased on anti-rat nephrin antibodies in rabbits immunized with a
day 9 (Fig. 8 D–F). It recovered to its normal range at peptide of 21 amino acids of intracellular site of rat
four weeks after PAN injection. These shifts of nephrin nephrin. This peptide was chosen for the immunogen
paralleled with mAb 5-1-6 staining and not with a3- because these peptide sequences are presumed to be rat
integrin or ZO-1 staining (Fig. 8 G, H). Western blot specific (8 out of 21 amino acids of this peptide are
analysis showed that the intensity of the nephrin bands different from those of a humans), and it is located in
was significantly reduced on day 5 after mAb 5-1-6 injec- an intracellular site that is considered to be free from
tion (22.9 6 4.04) and on day 9 after PAN injection (10.3 6 immunotolerance. The antibody reacted with a protein
4.79). As shown in Figure 9, a broad band of nephrin of mass of about 180 kD with Western blot analysis using
around 180 kD was separated into two bands if the sam- a solubilized glomerular sample. The 180 kD protein
could be considered a rat nephrin because the deducedple was electrophoresed longer than the standard proce-
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Fig. 8. Localization of nephrin and other membrane-associated proteins on podocyte in glomeruli of proteinuric states. For dual-immunofluores-
cence labeling, cryostat sections were incubated with rabbit anti-rat nephrin, FITC-conjugated anti-rabbit IgG, mAb 5-1-6, and then TRITC-
conjugated anti-mouse IgG1 in this order. The localizations of rat nephrin (green staining: A and D), mAb 5-1-6 (red staining: B and E ), and
double-exposure findings (C and F ) were shown. Nephrin and mAb 5-1-6 staining shifted to a discontinuous coarse granular pattern on day 5
after mAb 5-1-6 injection (A–C) and on day 9 after PAN injection (D–F). The bright yellow color (C and F) reveals that nephrin staining is
identical to that of mAb 5-1-6 antigen. No such an alteration is detected in the staining of a3-integrin (G) or ZO-1 (H ) in PAN nephropathy.
Nephrin staining is clearly distinguished from that of a3-integrin or ZO-1 in PAN nephropathy.
molecular weight of rat nephrin is 136.2 kD of 1252 amino anti-rat nephrin antibody. The band of nephrin was sepa-
rated into two bands when the sample was electropho-acids and because nephrin has 10 putative N-glycosylation
sites. In addition, the 180 kD band was not detected by resed longer than the standard procedure to analyze the
protein mass of about 180 kD. The size difference ofthe anti-nephrin antibody, which was preabsorbed with
the peptide, that was used for immunization. Thus, we the molecule recognized by the anti-nephrin antibody is
likely to be explained by the difference of glycosylation.concluded that the antibody obtained here is a specific
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Fig. 9. Representative Western blot analysis of nephrin in glomerular
lysates from normal, mAb 5-1-6 nephropathy, and PAN nephropathy
rats. Isolated glomeruli from rats of normal (lane 1), five days after
mAb 5-1-6 injection (lane 2), and nine days after PAN injection (lane 3)
were solubilized with RIPA buffer. Seventy-five micrograms of protein
from each sample were loaded on a 5% polyacrylamide gel, electropho-
resed longer than the standard procedure, and then transferred to a
nitrocellulose membrane. Membrane was incubated with anti-nephrin Fig. 11. Semiquantitative RT-PCR analysis of rat nephrin mRNA in
antibody, followed by alkaline phosphatase-conjugated anti-rabbit IgG. the glomeruli of proteinuric states. The characteristic agarose gel elec-
Nephrin was detected as double bands of approximately 180 kD. The trophoretic pattern, from one of three independent experiments, is
density of the bands, especially of the lower band, decreased significantly shown (top). mRNA expression for nephrin is already decreased one
in both proteinuric states. hour after an injection of mAb 5-1-6 (lane 2), and it slowly recovered
(lanes 3 through 5). Also in PAN nephropathy, mRNA for nephrin is
already decreased two hours after PAN injection (lane 7; lane 1, before
mAb 5-1-6 injection; lane 2, 1 h; lane 3, 24 h; lane 4, 5 days; lane 5, 20
days after mAb 5-1-6 injection; lane 6, before PAN injection; lane 7, 2
h; lane 8, 9 days; lane 9, 4 weeks after PAN injection). Ratios of the
densitmetric signal of nephrin to that of internal control (GAPDH)
were analyzed (bottom). The data are shown as ratios relative to normal
findings and are expressed as mean 6 SD of three independent experi-
ments.
Fig. 10. A representative RNase protection assay for nephrin in pro-
teinuric states. mRNA expression for nephrin was already decreased
to 47.4% one hour after an injection of mAb 5-1-6 (lane 2), and it
slowly recovered to 71.1% at 24 hours (lane 3) and to 78.5% on day 5
(lane 4), when proteinuria peaked. The RNA expression level recovered
on day 20 after injection (lane 5), when proteinuria recovered. Also,
in PAN nephropathy, mRNA for nephrin is decreased to 51.2% two Fig. 12. RT-PCR analysis of rat nephrin mRNA in fetal rat kidney.
hours after PAN injection (lane 7). RNA expression was already recov- No signal of mRNA expression for rat nephrin is detected in 13.5 (lane
ered to 84.6% on day 9 (lane 8), when proteinuria peaked (lane 1, 1) or 15.5 (lane 2) embryonic dated rat kidney. Clear signal of mRNA
before mAb 5-1-6 injection; lane 2, 1 h; lane 3, 24 h; lane 4, 5 days; for rat nephrin is first detected in 18.5 embryonic dated rat kidney [lane
lane 5, 20 days after mAb 5-1-6 injection; lane 6, before PAN injection; 3; lane 4, 20.5 embryonic dated rat kidney; lane 5, neonatal (1-day-old)
lane 7, 2 h; lane 8, 9 days; and lane 9, 4 weeks after PAN injection). rat kidney; lane 6, 2-week-old rat kidney].
To analyze the precise localization of rat nephrin, we nephrin antibody, which was produced in rabbits immu-
compared the staining pattern of nephrin with that of the nized with cytoplasmic region of the rat nephrin, shows
slit diaphragm-reactive mAb 5-1-6 or other membrane- that gold particles lie on cytoplasmic face of the insertion
associated proteins on podocytes. The double-staining point of slit diaphragm (Fig. 5 A, B). mAb 5-1-6 antigen
study showed that the localization of nephrin coincides is in the slit diaphragm between foot processes. Gold
with that of the target molecule of mAb 5-1-6 (Fig. 4 particles of anti-nephrin antibody and those of mAb 5-1-6
A–C). In contrast, the nephrin staining pattern is differ- lie close to each other (Fig. 5C). These immunohistologi-
ent from that of a3-integrin (Fig. 4D), ZO-1 (Fig. 4E), cal findings support the notion that nephrin is a slit dia-
phragm-associated protein.or podocalyxin (Fig. 4F). Immuno-gold EM with anti-
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The localization of nephrin coincided with that of the quent decrease of the protein expression of nephrin re-
sult in the dysfunction of slit diaphragms, which in turnmAb 5-1-6–recognized antigen not only in normal ma-
tured glomeruli, but also in fetal rat glomeruli (Fig. 4 induce proteinuria.
The next important question is how the decreasedG–I) and in the glomeruli of proteinuric states (Fig. 8
A–F). The staining intensity of nephrin and mAb 5-1-6 expression for nephrin causes the dysfunction of slit dia-
phragms. We previously showed that the staining ofclearly decreased in PAN nephropathy as well as mAb
5-1-6 nephropathy. In contrast, the staining intensity of ZO-1 was decreased in the mAb 5-1-6–induced protein-
uric state and suggested that mAb 5-1-6 antigen mightZO-1 was not substantially changed in PAN nephropa-
thy (Fig. 8H). No alteration of staining of a3-integrin was have an interaction with ZO-1 [6]. ZO-1 is reported to
lie on the insertion point of slit diaphragms [6, 14] anddetected in either proteinuric state. Thus, the nephrin
staining pattern was clearly distinguished from that of to have a binding site for actin [15]. In our current study,
we show that nephrin is identical with mAb 5-1-6 antigen.ZO-1, a3-integrin in the glomeruli of proteinuric states.
Additionally, our study demonstrates that anti-nephrin Because nephrin lacks a PDZ domain for an interaction
with ZO-1, nephrin might not have any direct interac-antibody recognizes the mAb 5-1-6/antigen complex (Fig.
6). Together, these observations suggest that nephrin is tions with ZO-1. However, it is possible that a nephrin
signal acts on ZO-1 indirectly and actin by way of someidentical to the molecule recognized by mAb 5-1-6. A
51 kD protein originally identified as a mAb 5-1-6 anti- other molecules. Further studies are underway in our
laboratories to identify the molecules that interact withgen [2] was considered to be a proteolytic cleavage or a
coprecipitate. mAb 5-1-6 nephropathy is induced by the nephrin for signaling.
In the present study, we examined the biogenesis ofdirect binding of mAb 5-1-6 to its target antigen, nephrin,
in the slit diaphragm, which demonstrates the impor- nephrin in the developing glomeruli, and demonstrated
that mRNA expression of rat nephrin can be detectedtance of nephrin in the regulation of glomerular permse-
lectivity. in the metanephric organ as early as 18.5 embryonic days
(Fig. 12), when no slit diaphragm is considered to beTo clarify whether nephrin is involved in the common
mechanism of proteinuria in some diseases, we analyzed formed in the major parts of glomeruli. In a previous
report, we showed that mAb 5-1-6 antigen first appearedthe alterations in the expression of rat nephrin in protein-
uric states induced by an injection of mAb 5-1-6 or PAN. on the basolateral surface of podocytes and concentrated
to the slit pore with the interdigitation of the foot pro-PAN nephropathy is widely used as a model of minimal
change nephrotic syndrome (MCNS) after a single injec- cesses. We speculated that the concentration of mAb
5-1-6 antigen in the slit pores corresponds to maturationtion or focal segmental glomerulosclerosis after multiple
injections. Although the pathogenesis of proteinuria is of the foot processes and formation of the slit diaphragms
[16]. Our current study shows that the localization ofnot clearly explained in PAN nephropathy, it has been
reported that oxygen radicals, which are produced during nephrin coincides with that of the mAb 5-1-6–recognized
antigen not only in the mature glomeruli, but also in anthe metabolism of PAN, contribute to podocyte injury
[13]. We show here that mRNA for nephrin decreases early developmental stage of the glomeruli (Fig. 4 G–I),
which indicates that rat nephrin also first appears as a(Fig. 10 and 11), and nephrin staining pattern shifts not
only in mAb 5-1-6 nephropathy, but also in PAN ne- membrane protein of the basal surface of podocytes with
no formation of slit diaphragm. The colocalization ofphropathy (Fig. 8). To clarify whether the protein expres-
sion of nephrin reduces or whether the protein is redis- nephrin and mAb 5-1-6 antigen in the developing glo-
meruli suggests that nephrin is also intimately relatedtributed within podocytes, we performed Western blot
analysis. The density of the bands detected by anti- to the maturation of the foot process and of the slit
diaphragms.nephrin antibody, especially lower band, decreased sig-
nificantly in proteinuric states (Fig. 9), which meant that In the present study, we show that nephrin is always
colocalized with mAb 5-1-6 antigen in normal rat, pro-protein expression of nephrin was reduced. Although
PAN might not have a direct function related to slit teinuric states, and developing glomeruli, and that anti-
nephrin antibody recognizes the mAb 5-1-6/antigen com-diaphragms, our data show that the sequential reactions
of podocytes initiated by PAN treatment induced the plex. Thus, all of our observations on the expression of
mAb 5-1-6 antigen reported previously [2, 5, 6, 16–23]decrease of mRNA expression for nephrin. Because de-
creased mRNA expression for nephrin was detected just should be interpreted as the expression of nephrin.
Rodewald and Karnovsky proposed a zipper-likeafter injection of mAb 5-1-6 or PAN and the consequent
decrease of its immunostainings was detected before the model of a slit diaphragm from their observations by
EM study using tannic acid-fixed material, although thepeak of proteinuria, these alterations of nephrin may be
etiologically important and not be a mere finding from zipper-like model is still controversial. By the standard
EM technique, a slit diaphragm is observed as a clearthe outcome of proteinuria. Thus, we conclude that de-
creased mRNA expression for nephrin and the conse- line between foot processes. It is understood that the
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kasa M, Shimizu F, Salant DJ: Slit diaphragm-reactive nephrito-bridge of zipper structure of the Rodewald’s model cor-
genic MAb 5-1-6 alters expression of ZO-1 in rat podocytes. Am
responds to the line detected by EM. Ruotsalainen et al J Physiol 273(6 Pt 2):F984–F993, 1997
proposed the hypothetical model that homophilic assem- 7. Kestila M, Lenkkeru U, Mannikko M, Lamerdin J, McCready
P, Putaala H, Ruotsalainen V, Motita T, Nissinen M, Hervably of nephrin molecules in the slit diaphragm could
R, Kashtan CE, Peltonen L, Holmberg C, Olsen A, Tryggvasonhave a zipper-like arrangement [8]. However, we demon-
K: Positionally cloned gene for a novel glomerular protein-nephrin
strated here that nephrin that disappeared from some is mutated in congenital nephrotic syndrome. Mol Cell 1:572–582,
1998capillary walls paralleled with mAb 5-1-6 antigen in mAb
8. Ruotsalainen V, Ljungberg P, Wartiovaara J, Lenkkeri U, Kes-5-1-6 nephropathy (Fig. 8 A–C). It should be noted that
tilae M, Jalanko H, Holmberg C, Tryggvason K: Nephrin is
the slit diaphragm structure was still detected as a line specifically located at the slit diaphragm of glomerular podocytes.
Proc Natl Acad Sci USA 96:7962–7967, 1999by EM, even when the proteinuria peaked in mAb 5-1-6-
9. Kawamura A Jr: Preparation of labeled antibody and stainingnephropathy [6]. Thus, we believe that our findings in
method, in Fluorescence Antibody Techniques and Their Applica-
mAb 5-1-6 nephropathy indicate that nephrin, mAb 5-1-6 tions (2nd ed), edited by Kawamura A Jr, Tokyo, University of
antigen is not essential for maintaining the ultrastructural Tokyo Press, 1977, pp 77–79
10. Laemmli UK: Cleavage of structural proteins during the assemblymorphology of the slit diaphragm, but is essential for
of the head of bacteriophage T4. Nature 227:680–685, 1970maintaining the barrier function of slit diaphragms. 11. Fujinaka H, Yamamoto T, Feng Lili Kawasaki K, Yaoita E,
In conclusion, we cloned the full-length sequence of Hirose S, Goto S, Wilson CB, Uchiyama M, Kihara I: Crucial
role of CD8-positive lymphocytes in glomerular expression ofthe rat homologue of nephrin. The amino acid sequences
ICAM-1 and cytokines in crescentic glomerulonephritis of WKYof rat and human nephrin are highly homologous.
rats. J Immunol 158:4978–4983, 1997
Nephrin is a slit diaphragm-associated protein and is 12. Eddy AA, McCulloch L, Adams J, Liu E: Interstitial nephritis
induced by protein-overload proteinuria. Am J Pathol 135:719–733,identical with mAb 5-1-6 antigen. Nephrin is involved
1989in the induction of proteinuria in PAN nephropathy as
13. Nosaka K, Takahashi T, Nishi T, Imaki H: An adenosine deami-
well as mAb 5-1-6 nephropathy. The observations in this nase inhibitor prevents puromycin aminonucleoside nephrotoxic-
ity. Free Radic Med Biol Med 22:597–605, 1997study using rat models suggest that nephrin is involved
14. Schnabel E, Anderson JM, Farquhar MG: The tight junctionin the development of proteinuria not only in the Finn-
protein ZO-1 is concentrated along slit diaphragm of the glomeru-
ish-type congenital nephrotic syndrome, but also in ac- lar epithelium. J Cell Biol 111:1255–1263, 1990
quired glomerular diseases such as MCNS. 15. Fanning AS, Schneeberger EE, Jameson BJ, Jesaitis L, Ander-
son JM: The tight junction protein ZO-1 establishes a functional
link between occludin and the actin cytoskeleton. J Biol Chem
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